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ABSTRACT: In the present study, one step low-cost alkaline potassium hydroxide (aqueous solution) method was 

implemented on Czochralski silicon and Float zone silicon wafers for micro-texturing under identical parameters that improve 

light harvesting property of the wafers. At the rear interface of micro-textured Czochralski and Float zone silicon, a few nm 

thin layer of hydrogenated intrinsic amorphous silicon and n-type nano crystalline silicon was deposited, which not only 

addressed the parasitic loses at rear interfaces but also provides excellent passivation via back surface field to the micro-

textured silicon surfaces. The minority carrier life time measurement was done on symmetric structure (i-a-Si:H/µT-n-Si/i-a-

Si:H). The minority carrier lifetime is found 2.31 µs and 677.79 µs for the unpassivated and hydrogenated intrinsic amorphous 

silicon passivated micro-textured silicon Czochralski surfaces. Similarly, the measured lifetime of the micro-textured Float 

zone for unpassivated and passivated silicon surfaces are found 2.77 µs and 1788.30 µs. The high implied open circuit voltage 

of the micro-textured silicon wafers after deposition of hydrogenated intrinsic amorphous silicon (for passivated Czochralski 

and Float zone silicon are 708 mV and 714 mV respectively) indicates improvement in the collection property of electrons at 

the cathodic interface. The reflectance data, measured on symmetric structure, before and after hydrogenated intrinsic 

amorphous silicon layer deposition confirms that the incorporation of passivation layer does not affect light harvesting property 

of the micro-textured silicon wafers. Thus, stack of hydrogenated intrinsic amorphous/n-nano-crystalline silicon thin layers 

could be an effective interface passivation layer for futuristic high-performance hetero-junction solar cells (HJSCs) i.e., HIT, 

hybrid solar cells under optimize parameters for full potential.  

 

Keywords: Minority Carrier Lifetime (MCLT), Passivation, Back Surface Field (BSF), Interface Defect Density, hydrogenated 

intrinsic amorphous silicon (i-a-Si:H) layer, n-type nano-crystalline silicon (n-nc-Si:H). 
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1. INTRODUCTION 
 

The consumption of fossil fuels has pushed our environment 

and humanity towards natural chaos with increasing global 

warming [1]. This rise in quantity of harmful gases i.e. carbon 

dioxide (CO2) in atmosphere brings hazardous condition for 

our planet in near future. It becomes crucial need to approach 

non-conventional energy sources to fulfill our day-to-day 

energy requirements. Solar energy, wind energy, biomass 

energy, geothermal energy, hydro-power energy are some of 

non-conventional energy sources. But solar energy has been 

regarded as an ideal alternative energy source; this energy 

source has received great attention in recent decades due to 

its capability to meet global energy requirements [2]. The 

crystalline silicon (c-Si) solar cells are the dominating ones 

in today’s commercial photovoltaics (PV) market with 

a current share of ~ 95 % for solar cells manufacturing 
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process due to properties of Si material itself i.e. 2nd most 

abundance on earth, high stability and durability, non-toxic, 

tunable optoelectronic properties, mature manufacturing 

processes, etc [3]. 

The basic working mechanism of a PV solar cells relates 

to the generation of photo carriers, and the effective 

collection of these photo-generated photo carriers to external 

electrodes. Both these process are highly effected by 

reflection and parasitic recombination losses during 

generation as-well transportation of photo-carriers, which 

then responsible for deteriorate performance of solar cells if 

not addressed properly [4]. The as-cut Si surface have 

reflectivity > 35% in broad spectral range 400 nm-1100 nm, 

so for advancement of Si solar cells, surface reflection related 

optical as well as passivation related electrical losses are 

required to be minimized. In order to achieve highly optically 

active surfaces, which not only reduces reflection losses but 

also enhance the light absorption various surface 

modification schemes like micro-texturing, nano-texturing, 

hierarchical schemes of light trapping were used. The nano 

structured Si can harvest light up to 98% of incident light but 

simultaneously enhanced junction area of Si, wherein surface 

recombination of the photo-generated carriers increases due 

to high interfacial as well as surface defect densities [5-7]. 

The nano structured morphology of Si also enhance the 

hydrophobic nature of Si surface which then create problem 

in making junction [8]. Hierarchical scheme of light trapping 

can reduce reflection even < 1% under highly optimized 

specific wavelengths (narrow range) and light angles but for 

broad wavelength range it can reduce refection < 5% [9, 10]. 

Creating hierarchical structured Si surface involves complex 

fabrication process, complexity of junction formation, 

enhance contact resistance (which can enhance parasitic 

resistance recombination losses), high cost production along 

with time consuming process [11]. The most effective, 

industry approved and scientifically accepted approach for 

cost efficient, thermally compatible, and easy to process solar 

cell fabrication and single-step is alkaline micro-texturing. 

This method reduces surface reflection losses by surface 

conditioning of Si wafer and simultaneously addressing the 

challenges of hydrophobicity in Si solar cell [12-14]. 

Srivastava et al. 2021 delve into the specific benefits of KOH 

texturing on low-cost, solar-grade silicon wafers as a method 

to enhance the efficiency of PEDOT:PSS/Silicon hybrid solar 

cells.[8] 

 After have control over surface reflection losses next 

challenge is to passivate the surface to minimize 

contact/parasitic resistance losses during the transportation of 

the generated photo carriers to the external storage device, 

which is also an important step in enhancing the solar cell 

efficiency. The bulk MCLT is an important parameter that 

limits the solar cell efficiency and can be used to monitor the 

material quality. There are various techniques available for 

determining MCLT of Si wafer like microwave reflectance 

photoconductive decay method, electrochemical impedance 

spectroscopy, transient and QSS (quasi-steady state) photo 

conductance method [15-17]. MCLT measurement is a direct 

way to observe the passivation nature of particular 

material/film because it is directly related to surface defects 

density, inter-facial defect density, surface recombination 

velocity (SRV). Therefore, reduction of such recombination 

is a key step in obtaining highly passivated surface. An 

effective surface passivation involve two complementary 

mechanisms. First, a decrease in the number of dangling 

bonds by saturating the orbitals of Si atom on semiconductor 

Si surface. Secondly, limiting the number of carriers available 

for recombination using an induced electric field and is 

achieved by having a fix charge in the 

dielectric/amorphous/nano-crystalline film either by built-in 

charges during deposition process or by controllably 

deposited in a separate step [18]. As an industrial point of 

view, dielectric layers such as SiOx, SixNy, Al2O, are 

generally used for Si surface passivation but the growth of 

such layer on Si surface requires high thermal process 

wherein lifetime degradation associated with hight thermal 

budget cannot be ruled out [19]. Various other passivation 

layers like MoO3, ZnO, AZO, HfO, TiO2, SnO2, CdS, In3Se4, 

BaSnO3 even stack of different layer like TiO2/graphene, 

TiO2/ZnO, TiO2/WO3 are also used as passivation layers. 

These layers deposited by different techniques i.e. atomic 

layer deposition (ALD) system, plasma enhanced chemical 

vapour deposition (PECVD), metal-organic chemical vapour 

deposition (MOCVD), pulse layer deposition (PLD), 

sputtering, sol-gel method, etc [20-23].  The i-a-Si:H  

layer deposited at low temperature provides prime-quality 

surface passivation by saturating the dangling bonds on the 

H-terminated c-Si surface and it also work as a tunnel layer 

under optimized few nm thickness [24-26]. The n-nc-Si:H 

layer provides best interfacial effective passivation via BSF 

compared to doped a-Si:H layer due to better optoelectronics 

properties, thermal stability and high optical bandgap [27].  

The stack of i-a-Si:H and n-nc-Si:H layers provides an 

effective surface passivation, which is beneficial  in 

manufacturing Si solar cells of enhanced efficiency.  

Hence, the motivation behind the present work is to 

enhance optical property of Si surfaces and improving the 

back surface passivation of Si by most effective passivation 

layers. In this present work, we report a systematic surface 

conditioning scheme and surface passivation study made on 

phosphorous doped CZ-Si as well as on FZ-Si. Also 

investigate how the two different quality of Si samples get 

affected by simple low-cost, single-step anisotropic etching 

in aqueous alkaline KOH solution.  A detailed study is done 

on reflectance, lifetime and morphology of Si surfaces, which 

conclude the better passivation characteristics of i-a-Si:H 

layer on both type of Si materials.  

 

 

 

2. EXPERIMENTAL DETAILS 
 

2.1. Surface modification of wafers and i-a-Si:H/n-nc-

Si:H layers deposition 

                                       

As-cut commercial available, solar grade phosphorous doped 

(n-type), 1-3 Ω-cm resistivity, 200 ±20 µm thick CZ-Si (100) 
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and 1-5 Ω-cm resistivity, 260-300 µm thick, phosphorous 

doped FZ-Si (100) wafers are used as the starting material. 

Samples of dimension 40x40 mm2 from CZ-Si, 35x35 mm2 

from FZ-Si are first diced from starting as-cut Si wafers so 

that samples have identical material specification i.e. doping 

concentration, sheet resistance, conductivity etc. Both type of 

samples were treated individually. In the very first step, the 

samples were cleaned sequentially in de-ionized (DI) water, 

acetone and IPA to remove organic residues and other 

mechanical impurities (sand, crystalline salt, dust particles 

etc.) from Si surface by ultrasonication for 10 min each. 

Aqueous alkaline solution was prepared for anisotropic 

etching of Si wafer consist of DI, 2 % (wt%) KOH and 20% 

(v/v) IPA. Then, the Si wafers were immersed in aqueous 

alkaline solution maintained at constant temperature 75 ± 5˚C 

for 60 min.  CZ-Si as well FZ-Si were etched in separate 

batches. The i-a-Si:H layer deposited by multi-chambered RF 

plasma enhanced chemical vapor deposition (PECVD) 

system with 13.56 MHz frequency generator. After texturing, 

wafers were given RCA 1 and RCA2 cleaning, followed by 

HF dip in (~ 1% HF) just before sample loaded in chamber 

for deposition so that extra native Si oxides, organic/metallic 

impurities get removed from Si wafers. The i-a-Si:H layer of 

~ 8 nm deposited in SiH4/H2 plasma with dilution ratio of 1:1, 

40 sscm each (SiH4 as well H2) at a temperature of 215˚C and 

0.37 torr pressure. The n-nc-Si:H layer (18 nm) deposited by 

same multi-chambered RF-PECVD system, but with 

increased frequency (27.12 MHz) in a separate chamber at 

different parameters. The silane (SiH4) to hydrogen (H2) gas 

ratio was 1:200 (i.e. 2 sccm SiH4 and 400 sccm H2), 200˚C 

deposition temperature and 1 torr pressure along with supply 

of phosphine (PH3) gas (4 % in SiH4).  Power density was 

same during deposition of both layers i.e. 122 mw/cm2 [27]. 

 

 

2.2. Characterization 

 

The surface morphology of µT CZ-Si and FZ-Si (bare and 

with stack of passivation layers) is investigated by field 

emission scanning electron microscopy (FE-SEM, Model: 

TESCAN Magna GMH). For the FESEM micrographs 

(lateral as well as cross-sectional), the stack of i-a-Si:H/n-nc-

Si layers was deposited on rear side of the µT-Si wafers. 

Reflectance measurements are the direct consequences of 

light harvesting property of the modified surfaces. Therefore, 

reflectance of as-cut, textured Si wafers were performed to 

investigate photons capturing ability of Si surface after 

pyramidal growth on CZ and FZ Si wafers. Also, to see effect 

of i-a-Si:H layer on optical properties of textured samples, 

reflectance measurement of µT samples with deposited layer 

was recorded. So, the total reflectance measurement of all 

samples CZ as well as FZ (as-cut, µT and µT-i-a-Si:H/n-nc-

Si:H) was done by using UV-VIS-NIR photo spectroscopy 

(Lambda 1050; PerkinElmer) at a normal incidence angle of 

~ 8˚ of  light, equipped with an integrating sphere, in abroad 

spectral range (300 nm-1200 nm). 

The minority carrier lifetime is an important parameter 

to investigate the passivation ability of a particular material. 

MCLT of as-cut, µT and i-a-Si:H layered samples are 

recorded by Sinton’s instrument (model: WCT-120), that 

works on quasi-steady state (QSS), transient as well in 

generalized photoconductive decay mode. For MCLT 

measurement, the i-a-Si:H layer (~ 8 nm each side) is 

deposited on both side of textured Si wafers of both types. 

Here, in the present case, in QSS as well as in transient 

photoconductive mode measurements were performed 

depending upon the MCLT range. Finally, the all over optical 

properties of pyramidal Si surface and also the passivation 

properties of i-a-Si:H and n-nc-Si:H layer each on CZ as well 

FZ were studied.  

 

 

 

3. RESULTS AND DISCUSSION 
 

3.1. Micro-textured Si surface morphology and optical 

study 

 

To investigate how the as-cut Si surfaces get modified after 

treating with KOH aqueous alkaline solution, systematic 

lateral as well as cross-sectional analysis of FE-SEM 

micrographs was performed. Figure 1 shows micrographs 

starting with as-cut Si (Figure 1(a)) wafer that is used as 

a starting material in this present work. As cut Si wafer 

contains a large number of micro-cracks, pits, and so-called 

surface damages/saw damages on the whole surface that can’t 

never be seen by naked eyes. Crystalline Si of either material 

CZ or FZ when treated with aqueous alkaline solution, micro-

pyramidal structures are nucleated due to anisotropic etching 

of Si surface in different crystallographic orientations (Figure 

1(b)-(f)). It can be explained,  the ternary liquid etching 

solution here consist of KOH, IPA and DI-water, in which 

each have its specific role in anisotropic etching process. 

KOH as an oxidant, IPA as a complexing agent or reaction 

modulating agent (plane orientation dependent) and DI-water 

as a catalyst, interact with Si surface in such a way, results in 

pyramidal growth over the entire Si surface discussed here 

via chemical kinetics [13,14]. As the (100) plane of Si atom 

have two dangling bonds on the surface (Figure 2.). In the 

very first step after immersing Si (100) in aqueous alkaline 

solution, the two hydroxyl (OH-) ions from alkaline solution 

make bond with the two dangling bond of superficial Si and 

established silicon hydroxide (Si-OH) complex along with 

injection of two electrons into conduction band (CB) of Si as 

shown in below equation.   

                                 

 
 

In the next step, these two newly formed Si-OH bond weaken 

the two backbond of the Si.  

06 



Significant enhancement in surface passivation property of micro-textured silicon surface with thin hydrogenated intrinsic amorphous layer         Diksha et al. 

  | Energy & Environment Advances, 2024, Vol. 1, No. 1, 01-14                                       © Ariston Publications 2024. All rights reserved 

 
 

Fig. 1. Representative FESEM micrographs of Si showing surface morphology after surface modification (a) as-cut Si, (b-c) 

lateral view of textured wafer. (d) cross-sectional view of textured wafer. (e-f) textured cross-sectional view of wafers with i-

a-Si:/n-nc-Si:H stack that confirms the conformal deposition of the stack over textured morphology. 

 

 

To break these weaken backbonds (Figure 2), two electrons 

from Si-Si backbonds have to be excited to Si CB and once 

this happen, the Si-Si back bonds break and a positive silicon 

hydroxide is formed as shown in the below equation: 
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Then, the Si-OH positive complex further react with the other 

two OH- ions from aq alkaline solution to produce reaction 

product i.e. monosalicylic acid etc, which then diffused into 

the solution. 

 

 
 

The four electrons, which are in the CB of Si (located near 

the surface) can be transferred to four water molecules (also 

located near the surface of Si), which further decompose four 

water molecules into OH- ions and hydrogen atom. Atomic 

hydrogen further recombines to produce molecular hydrogen, 

which may then diffuse into the solution or may get 

evaporated as hydrogen gas as demonstrated in the below 

equation: 

 

 

 
 

 

In this mechanism, IPA acts as a mask against chemical 

reactants (like SiOx) in particular planes, regulates the 

etching rate for solutions with a constant KOH concentration 

and constant temperature. It is more absorbed on (111) plane 

compared to (100) plane (in (111) plane atoms forms a dense 

triangular lattice, leading to a higher atomic density. Due to 

this triangular arrangement more atoms of Si are packed in 

(111) plane and hence more absorption of IPA in this plane) 

of Si, results that IPA stimulate and responsible for the 

anisotropic etching (formation of pyramids) of Si surface [28]. 

This anisotropic etching produce uniform morphological 

micro-pyramidal features on the entire Si surface basically 

due to IPA, if etching of wafers without IPA is performed it 

will etch entire Si surface in all planes uniformly and thus 

leads to thinning of Si wafer instead  of pyramidal etching 

[29]. The lateral and cross-sectional view of micro-pyramidal 

surfaces shown in Figure 1. A detailed statistical analysis of 

the dimension of the micrographs was conducted by 

employing the imageJ software on several FE-SEM images 

of respective (CZ and FZ) Si samples.

 

 
 

 

Fig. 2. (I) Crystalline Si showing periodic arrangement of Si atoms along with bulk defects (a) interstitial defects. (b) and (c) 

vacancy defects, surface defects i.e. dangling bonds, (II) Amorphous Si contains large number of unoccupied interior dangling 

states. 
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The dimension of the micro-pyramids for CZ µT-Si vary in 

the range of ~ 0.5 µm to 5.6 µm (on an average ~ 2.41 µm) 

and ~ 0.4 µm to 8.9 µm ( average over ~ 3.44 µm) for FZ µT-

Si wafer. The surface morphology of different Si samples was 

also investigated after deposition of i-a-Si:H/n-nc-Si:H layers 

at rear side of textured wafer as shown in Figure 1(e-f), 

indicates almost uniform coverage of entire pyramids 

including hills as well as valley. The diffused reflectance 

measurement is done before and after layers depositions via 

UV-VIS-NIR photo spectroscopy in broad spectral range 

(400 nm to 1200 nm). SWR is used for evaluating the optical 

properties of Si surface, it is defined as the ratio of reflected 

photons to the total number of incident photons, i.e., the 

normalization of reflectance spectra with the terrestrial air 

mass 1.5 global (AM 1.5G) as given below [30]: 

 

SWR = 
∫𝑅(𝜆)𝑁𝑝ℎ(𝜆)𝑑𝜆

∫𝑁𝑝ℎ(𝜆)𝑑𝜆
                            (1) 

 

Where, Nph is the number of photons per unit area per unit 

wavelength. Using equation (1), the SWR is calculated for 

the as-cut, µT as well as i-a-Si:H layered CZ and FZ surfaces 

which is shown in Figure 3. 

The calculated SWR for CZ-Si material of as-cut and 

after micro-pyramidal morphology is 31.23 % and 12.93 % 

respectively. Similarly, SWR for FZ Si material is 26.72 % 

and 13.90 % before and after micro-texturing, which 

indicated that in both material of Si reflectivity get reduced 

approximately ~2.4 folds and ~ 2 folds respectively; followed 

by increased path length of incident light due to multiple 

reflection (obeying the basic laws of reflection shown in 

Figure 1 (d)) from different facets of upright pyramids 

(Figure 1(c)). The reflected light from pyramid surfaces 

produce destructive interference due to enhanced path length, 

which results in increased absorption capability of modified 

textured Si surfaces. Also, noted that, the calculated SWR for 

CZ after i-a-Si layer is 13.60 % (~1 folds compared to bare 

CZ textured surface) and 14.07 % (~ 1folds than bare FZ 

textured surface) for FZ after i-a-Si:H layer deposition, which 

clearly indicate that optical properties of micro-pyramidal Si 

surfaces get not much affected by insertion of intrinsic 

amorphous layers. Thus, if the i-a-Si:H layer (with optimize 

parameters) used on front side (along with rear) of textured 

surface also, then it does not have deteriorating effect on 

optical properties of Si surfaces and also enhance inter-facial 

properties during solar cell fabrication. 

 

 
 

Fig. 3. Comparative diffused optical spectra of (a-b) as-cut and textured CZ-Si and FZ-Si surfaces. (c-d) comparative 

reflectance spectra before and after i-a-Si:H layer deposition on CZ and FZ Si samples respectively. 

09 



Diksha et al.         Significant enhancement in surface passivation property of micro-textured silicon surface with thin hydrogenated intrinsic amorphous layer 

© Ariston Publications 2024. All rights reserved.                                       Energy & Environment Advances, 2024, Vol. 1, No. 1, 04-14 |    

3.2. Passivation property of i-a-Si:H and n-nc-Si:H 

layers on rear side of micro-textured Si surfaces 

 

The surface passivation property (dominating chemical 

passivation) of the i-a-Si:H layer on the micro-textured CZ 

and FZ Si rear surfaces was studied and analyzed 

systematically using the MCLT measurements. The 

passivation property (dominating field effect passivation) of 

n-nc-Si:H layer is studied by using concept of induced 

electric field due to factor like carriers gradient discussed in 

this section. Both passivation layer together provides 

effective surface passivation at the rear side of micro- 

engineered Si surfaces, which is a key-step in fabricating 

highly efficient either conventional homojunction or modern 

heterojunction (HIT, Hybrid etc.) solar cells [18]. Importance 

of surface passivation and details of MCLT measurement of 

modified Si surfaces for solar cells application have been 

reported in our earlier work [31]. The dangling bonds (atomic 

orbital defects) at the Si surfaces being the reason of mid band 

gap defect or trapped electronic states that act as minority 

carrier recombination centers which produces non-radiative 

recombination of the respective carriers [32]. Thus, 

minimization of such defective electronic states is an 

important step for effective solar cells fabrication. MCLT 

experimentally measured by the photo conductance decay 

method via QSS and transient photo conductance mode using 

Sinton’s instrument (WCT-120). Minority carriers can 

recombine either in bulk or at the surface defects (shown in 

Figure 2), therefore an effective recombination rate is 

measured experimentally. The measured value from each 

method is the total effective lifetime (τeff) value that involve 

the two recombination mechanisms. First is the bulk lifetime 

(τbulk ) and second is the lifetime of both surfaces of Si (τsurf). 

It is usually assumed that τbulk remains unchanged for all the 

surfaces since no high-temperature processing is carried out 

[32, 33]. Thus, any change in the τeff is exclusively due to 

difference in τsurf, which is directly related to surface defect 

densities, which effect then the SRV of carries. For a fully 

passivate surface, τeff  indicate the τsurf due to very high bulk 

lifetime of carriers. Surface recombination is also 

quantitatively described in terms of the surface 

recombination velocity (Seff). The Seff is calculated from the 

measured value of the τeff. The limiting value of Seff is 

calculated using the following expression: 

 
1

τeff
 = 

1

τbulk
+

1

τsurf
                  (2) 

                                                            

Where, τsurf = w/2Seff. Here, Seff is the surface recombination 

velocity (SRV) and “w” is the wafer thickness (∼180µm). 

The factor “2” is included due to both surfaces contribution. 

For a fully passivated surface, τeff ≅ τbulk, and as τbulk ≫ τsurf, 

the τeff reflects the τsurf. The MCLT measurement was 

performed on symmetric device structure Figure 4(a).  

The i-a-Si:H layer was deposited on each surface of Si 

materials in order to avoid any effect of upper surface. It was 

assumed that the quality of the passivated materials also have 

effect on the passivation capability of the passivation layer 

and it is demonstrated here experimentally by measuring 

MCLT for CZ and FZ Si before as well as after deposition of 

i-a-Si:H layer symmetrically. The observed lifetime for CZ-

Si is 2.31 µsec and 677.79 µsec before and after i-a-Si:H layer 

deposition respectively, similarly 2.77 µsec and 1788.30 µsec 

before and after i-a-Si:H layer deposition on FZ-Si textured 

wafers. As can be seen in histogram (Figure 4 (b)),  ̴ 293.41 

folds enhancement in lifetime after incorporating textured 

CZ-Si surface with intrinsic amorphous layer and ~645.59 

folds in case of FZ-Si (Figure 4(c)), proven the excellent 

passivation behavior of i-a-Si:H layer via chemical 

passivation (reducing the superficial dangling bond by 

making suitable bonds with these unfilled electronic states by 

hydrogen and thus making them H-terminated sites, thus non-

reactiveness of defect states and thus passivated the surface) 

on both type of Si materials [34]. However, influence of 

material quality on passivation capability of passivation layer 

can also be seen clearly. As ~ 2.63 fold enhancement in 

MCLT observed in case of FZ compared to CZ instead both 

are processed under identical conditions and parameters. This 

may be attributed to the bulk properties as well as 

manufacturing process of particular materials i.e. carrier 

concentration, thickness of wafer, interior defects that related 

to doping carrier concentration.

 

 

 
 

Fig. 4. (a) Symmetric structure for MCLT measurement (i-a-Si:H/µT-n-c-Si/i-a-Si:H), (b) comparison of MCLT of CZ Si 

samples before and after i-a-Si:H layer deposition and (c) MCLT comparison of FZ textured passivated and unpassivated Si 

samples respectively.  
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Fig. 5.  (a) The band diagram between n-c-Si and rear electrode w/o passivated rear contacts, (b) band diagram of n-c-Si/i-a-

Si:H/n-nc-Si:H/rear electrode, clearly showing a high band offset in VB of Si. 

 

 

Along with passivating the surface, the i-a-Si:H layer act as 

tunneling layer which provide smooth inter-facial path for 

carrier transportation and thus reduces parasitic resistance 

recombination losses up to greater extent which is an another 

important step in efficient solar cells fabrication [35]. How 

smoothly carriers transport through this layer depend upon 

the concentration of hydrogen in i-a-Si layer as well as on 

thickness of layer itself [36, 37]. Usually amorphous nature 

of Si is highly absorbing due to non-periodic arrangement of 

Si atoms, in this arrangement large number of missing states 

present in the interior geometry of amorphous Si (shown in 

Figure 2 by green bonds), these states act as trapping states 

which enhances the absorption via capturing carriers. 

However, when deposition of i-a-Si layer is performed in 

presence of hydrogen gas flow these states becomes H-

terminated (non-reactive) under controlled parameters (like 

temperature, silane/hydrogen gas flow rate, power density, 

frequency) and thus absorbing nature turns into tunneling 

ones with optimized thickness [27].  

The higher passivation quality of i-a-Si:H layer also 

supported by enhanced implied open circuit voltage (i-Voc ) 

after intrinsic amorphous layer deposition on textured Si 

wafers. The increment in i-Voc on CZ-Si textured wafer after 

passivating the surfaces is ~ 1.32 folds, similarly ~ 1.42 folds 

enhancement for passivated FZ-Si wafers. Thus, the charge 

carrier collection rate for each material also improved by i-a-

Si:H passivation layer. The n-nc-Si:H layer (~ 18 nm) along 

with i-a-Si:H (~ 8 nm) layer was also deposited at rear side 

of textured Si wafers to gain effective surface passivation. 

The n-nc-Si:H layer (53% crystalline) produced from 

amorphous layer, have tunable optical bandgap that can be 

tuned to obtained best of it by controlling the crystallinity 

fraction in amorphous Si taking into consideration other 

deposition parameters like temperature, silane (SiH4) gas 

flow rate, H2 flow rate, phosphine gas flow rate i.e. doping 

concentration, power density, pressure, power generating 

frequency etc [23, 27, 38].  

In the present case, n-nc-Si:H layer (have diffused fix 

charges) is heavily doped (~ 1020 cm-3 ) and n-c-Si (mono 

crystalline silicon) have a doping carrier density of ~ 1015 cm-

3, due to carrier concentration gradient (n-n+), an electric field 

induced which introduce band bending in-between mono-

crystalline and nano crystalline Si surface. This bending of 

electronic states not only obstruct the photogenerated holes 

flow towards back electrodes (reduce back surface parasitic 

recombination losses) but it also accelerates these holes 

towards anode (front electrode), and make electrons path 

smoother (via high conductive paths provided by nano 

crystalline layer by enhance percolation (53% crystalline) in 

this layer during transformation from amorphous to nano-

crystalline geometry). Thus, n-nc-Si:H layer produce back 

surface field (BSF), which enhance photocarriers 

transportation towards their respective electrodes and 

reduces back contact recombination losses. The band 

alignment is Shown in Figure 5b, indicating a high valance 

band (VB) offset provided by n-nc-Si:H layer. 

However, the intrinsic amorphous layer also provide 

band offset but in the present case this layer is modulated (via 

controlling silane /hydrogen gas ratio, very less number of fix 

charges injected into this layer compared to n-nano-

crystalline layer. This will favors dominating chemical 

passivation nature of amorphous layer) in such a way that its 

chemical passivating character is dominating one. The n-nc-

Si:H layer provide best VB offset, which invert the 
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photogenerated holes path and reducing the series resistance 

recombination losses, enhancing the implied open circuit 

voltages and thus the photogenerated carriers collection rate.  

The intrinsic amorphous layer provides smooth interface and 

tunnel carries effectively. Thus, a stack of these layers at rear 

interface of micro textured Si surfaces provides best back 

surface passivation which is the most important step in 

enhancing solar cells efficiency. 

 

 

 

4. CONCLUSION 

 
In summary, the simple one-step surface modification 

alkaline KOH anisotropic process works equivalently on both 

Si materials and results in enhanced light harvesting property 

of Si surfaces. The reduced SWR ~ 2.4 folds for CZ-Si 

compared to as-cut Si and for FZ it decreases ~ 2 folds. 

However, it is also observed that FZ-Si material needs further 

optimization for its full potential to harvest light more 

efficiently. Secondly, rear surface passivation is employed by 

using stack of i-a-Si:H/n-nc-Si:H layers (8 nm/18 nm), which 

simultaneously provide effective surface passivation to meet 

their full potential in reducing back surface 

recombination/contact losses. The observed MCLT for 

passivated CZ and FZ Si is 677.79 and 1788.30 µsec 

respectively compared to unpassivated one which is ~ 2.32 

and ~ 2.77 µsec respectively. This clearly indicates the 

excellent passivation characteristics of the deposited stack of 

amorphous/nano-crystalline Si thin layers. The i-a-Si:H layer 

provide enhanced chemical passivation by saturating the 

dangling bonds of the interface between crystalline and 

intrinsic amorphous Si. The n-nc-Si:H layer introduce here 

concept of back surface field, which reduces the parasitic rear 

recombination losses up to much greater extent. It is observed 

here that the passivation capability of amorphous layer not 

only depends upon the deposition parameters, thickness of 

layer but it depends upon the wafer quality to be passivated 

(surface morphology as well as bulk material properties). 

Further, implementation of stack of passivation layer in either 

HIT, Hybrid or even in conventional solar cells have a great 

tendency to achieve highly efficient solar cells. 
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